Corals and algae support reef food webs and release a significant proportion of their primary production as dissolved compounds metabolized by planktonic and benthic microbes. Little is known about the composition of these compounds, how they may differ among producers or how nutrient availability may alter their production. This experiment contrasted the composition of fluorescent organics exuded by four coral reef benthic constitutents and measured the effects of nutrient enrichment on exudate release. While all producers released significant amounts of bulk and fluorescent organics, and nutrients stimulated exudation, coral exudates were distinctly enriched in aromatic amino acid-like compounds and accumulated faster. These findings clarify a mechanism whereby anthropogenic activities that alter benthic cover and nutrient pollution on reefs will influence microbial organic matter processing.
Introduction 1
Coral reefs are highly productive ecosystems that thrive in relatively oligotrophic tropical 2 waters, in part by intense recycling of limited nutrients through a highly diverse and active 3 microbial community (Raina et al. 2009; Cardini et al. 2015) . Benthic primary producer 4 communities in tropical reef ecosystems are dominated by hermatypic corals, macroalgae, sand-5 associated microphytobenthos, and a variety of encrusting organisms, primarily crustose 6 coralline algae (CCA) and mixed turf algal assemblages (Hatcher 1988) , that cover dead coral 7 pavement and rubble. A proportion of the primary production generated by these photosynthetic 8 organisms is exuded into the water column as dissolved organic matter (DOM; Crossland 1987; 9 Ferrier-Pages et al. 1998; Wild et al. 2010; Haas et al. 2011) , exometabolites which are 10 differentially utilized by microorganisms (Haas et al. 2011 Nelson et al. 2013) 
or utilized 11
directly by other sessile metazoans on the reef or their microbial symbionts (Stephens 1960; de 12 Goeij et al. 2008) . The quantity and composition of these DOM exudates may be a key indicator 13 of benthic organismal metabolism and/or health. The composition of exudates released by 14 different primary producers on reefs is a key determinant of the structure of the microbial 15 communities that drive the microbial loop, including both bacterioplankton 16 Haas et al. 2016) and and likely the diverse and abundant microbial consortia that associate with 17 reef organisms and surfaces (Ritchie and Smith 1995; Lee et al. 2016) . The metabolic activity of 18 coral and algal-associated microbial communities directly influences competition between these 19 benthic holobionts (Barott and Rohwer 2012) . Therefore, determining how exudate DOM 20 production and composition varies among different benthic taxa is fundamental to understanding 21 coral reef ecology. 22
In addition to the need for characterizing DOM across different reef constituents, the 23 impact of anthropogenic disturbances on DOM production and composition is also poorly 24 understood and may be globally relevant (Hughes et al. 2017) . One of the primary determinants 25 of coral reef benthic composition and food web structure is the presence and density of human 26 populations whose activities impact reef ecosystems (Jackson et al. 2001; Sandin et al. 2008; 27 Smith et al. 2016) . One well-documented impact to reef benthic community structure and 28 function is anthropogenic nutrient inputs, including groundwater contamination, wastewater 29 discharge, terrigenous fertilizer and sediment runoff (Smith et al. 1981; Shahidul Islam and 30 Tanaka 2004; Wear and Vega Thurber 2015) . Nutrients have been shown to differentially 31 stimulate algal production (Lapointe 1997; Littler et al. 2006) , but how nutrients impact DOM 32 exudation by benthic primary producers in reef ecosystems is poorly understood. Because both 33 the quantity and composition of exudates may be altered by nutrient enrichment, examining how 34 different benthic producers alter exudate composition in response to nutrients may provide an 35 indicator of anthropogenic nutrient enrichment of reefs, which can be difficult to measure 36 directly. 37
Dissolved organic matter in natural aquatic ecosystems is an exceedingly complex 38 mixture of compounds dictated by diverse sources and subsequent abiotic and microbial 39 alterations (Benner 2002; Moran et al. 2016) . Methods of querying the composition of DOM 40 vary widely (Repeta 2015) , from relatively coarse bulk characterization of elemental content (C, 41 N, P, etc.) to more fine-scale multivariate methods that analyze a subset of extracted compounds, 42 ranging from chromatographic analysis of sugars (Goldberg et al. 2009; Nelson et al. 2013) or 43 amino acids (Yamashita and Tanoue 2003) , to high resolution mass spectrometry (Petras et al.; 44 Kido Soule et al. 2015) . One widely used method of DOM characterization is spectral analysis of 45 a subset of light-absorbing DOM that is fluorescent (fDOM), allowing quantitative measurement 46 of a suite of putative humic-like, fulvic-like and aromatic proteinaceous compounds (Coble 47 2014) . In this study, we coupled scanning fluorescence and absorbance spectroscopy with bulk 48 DOM measurements to characterize exudates in >200 water samples from aquaria containing 49 coral, algae, rubble and sand over one month. 50
The present study compared the magnitude and composition of exudates from four 51 dominant coral reef benthic primary producer constituents (coral, macroalgae, sand and rubble) 52 factorially under three different nutrient treatments (ambient, low, and high) over four weeks. 53
We hypothesized that bulk DOM and fDOM composition would differ consistently among 54 benthic producer types and that nutrient enrichment would both stimulate the production of 55 DOM exudates and alter their composition. Our results demonstrate that corals continuously 56 release DOM with strong fluorescence from aromatic amino acid-like compounds that 57 accumulates faster than algal DOM, suggesting it may be more refractory. water level constant at 6 L, acid washed and soaked for 72 hours in filtered sea water to leach 87 plasticizers prior to the experiment, scrubbed clean, rinsed with freshwater and dried. Each 88 aquarium was filled and placed into one of three 1300L flow-through seawater tanks (n = 12 89 aquaria per tank) as water baths to maintain stable temperature. Each tank contained one 90 replicate of each benthic group maintained at each nutrient level (Figure 1 
Statistical Analysis 130
For statistical analysis, concentrations or raw peak Raman units were log 10 -transformed 131 to approximate a Gaussian distribution. For clarity, all statistical comparison of DOM 132 measurements were done at a single timepoint midway through the experiment at 2 weeks 133 continuous enrichment except time series analyses. Analysis of covariance (ANCOVA) 134 compared the means of DOM components among four benthic primary producer treatments 135 across a continuous gradient of measured nutrient inputs and their interactions, using incubation 136 tank blocks as a random effect to control for experimental blocking. One-way ANOVA was used 137 to assess differences among benthic constituents within each nutrient level or vice versa; 138 Dunnett's post hoc tests were used to assess significance differences from the influent seawater 139 at α = 0.05. Effect of nutrient enrichment on each DOM component was assessed with least 140 squares linear regression analysis using measured input TDP as a continuous metric of practical 141 nutrient enrichment. For multiple univariate testing of different DOM components we controlled 142 the false discovery rate (FDR) by adjusting p-values (Benjamini and Hochberg 1995) . For 143 multivariate analysis and visualization, we used Wards' minimum variance hierarchical 144
clustering and principal components analysis (PCA) with input data standardized to units of 145 standard deviation using z-scores ((x-x ̅ )*stdev(x) -1 ). 146 147
Results 148

Combined effects of nutrients and reef constituents on DOM components 149
At two weeks, there was a significant effect of both reef constituent and nutrient addition 150 on bulk dissolved organic carbon (DOC) and all fDOM components (FDR p < 0.05), except 151 tyrosine-like components which were not affected by nutrients (p nutrient = 0.4668, Table S2 to nutrients (p < 0.01; Figure S3 ) but there was no nutrient effect on algal exudation of fDOM 178 (regression p > 0.05). Both coral and sand had significantly increased production of humic-like 179 and a subset of proteinaceous fDOM components as nutrients were increased (p < 0.05, Figure  180 S3). Over the four weeks of sampling there was a significant decrease in the proteinaceous 181 fDOM measured from the coral aquaria at all nutrient levels (Figure 3 ), but no other temporal 182 effects were detected. future work on DOM plumes around corals is warranted (Walsh et al. 2017 ). Our observation 210 that coral exudate accumulation outpaces consumption, as evidenced by consistently elevated 211 bulk DOC across nutrient treatments (Figure 2a ), is consistent with previous observations of 212 reduced lability relative to exudates of algae . The fact that these coral 213 exudates were markedly enriched in fDOM components associated with aromatic amino acids 214
indicates that at least a portion of the accumulated carbon contains nitrogenous compounds. This 215 result agrees with prior reports of elevated tryptophan-like exudates on coral reef environments 216 (Matthews et al. 1996) ; however, our findings link detection of these compounds in the marine 217 environment with direct production of tryptophan-like, tyrosine-like and phenylalanine-like 218 specifically by corals. The steady and significant decrease in observed proteinaceous fDOM over the month-232 long experiment in the coral aquaria (Figure 3) indicates either a decline in fDOM production by 233 coral or a change in rates of microbial consumption or transformation of aromatic amino acid-234 like fDOM components. Bacterioplankton or coral microbial symbiont community 235 acclimatization to enhanced metabolism of proteinaceous exudates over the course of the 236 experiment is one mechanism to explain this pattern, and analysis of compositional shifts in 237 bacterioplankton communities may shed light on the role of microbial remineralization processes 238 in driving this steady decline in stocks of proteinaceous fDOM in the coral aquaria. Macroalgal 239 fDOM release was highly variable and not significantly related to nutrients or consistently 240 different from the influent seawater, potentially because the DOM produced by macroalgae did 241 not have major fluorescent components and/or because exudates produced were rapidly 242 metabolized as observed in other studies (Haas et al. 2011; Nelson et al. 2013) . 243
In conclusion, the stable and compositionally distinct exudation of proteinaceous fDOM 244 by corals is an intriguing observation with potential to illuminate coral health and inform our 245 understanding of how corals modulate the metabolism of microbial associates. The observation 246 that other primary producers exude measurable quantities of humic-like fDOM and that both 247 corals and algae increase exudation in response to nutrient enrichment suggests that DOM 248 quantity and composition are sensitive to changing benthic community composition as well as 249 nutrient enrichment, two of the central management issues in coral reefs today. Replicate experimental units each comprising 12 aquaria (6 L flow through with 5-h residence time), were assembled in three 1300 L flowing seawater water bath to maintain thermal stability (mean 25.9 +/-1.9 ˚C). Aquaria contained one of four benthic constituents (coral, rubble, macroalgae, and sand) factorially manipulated with one of three nutrient levels (ambient, low high). Water was distributed into experimental aquaria from 10 L nutrient mixing aquaria (mixing aquaria residence time 90 minutes).
Figure 2. DOM concentrations in aquaria at 2 weeks. Concentrations of (a) DOC, (b) humiclike fDOM and (c) proteinaceous fDOM are shown as means of three replicate aquaria (whiskers are standard error of the mean) by benthic constituent and nutrient level (x-axis). Asterisks denote treatments significantly higher than influent seawater by Dunnet's post hoc test (P<0.05). Shaded horizontal bars bracket mean and standard error of ambient input seawater for each parameter for background reference. R.U. is raman units of water. Note that DOC and humic-like fDOM generally increased with nutrient additions in three of the four benthic constituent aquaria (See Figure S3) but not in mixing aquaria, and that proteinaceous fDOM was highly enriched and increased with nutrients only in coral aquaria. Figure S3) but not in mixing aquaria, and that proteinaceous fDOM was highly enriched and increased with nutrients only in coral aquaria. Figure 4 . Arrows indicate the magnitude of covariation of each of the six fDOM components with PCA axes. Note that while ambient nutrient treatments of macroalgae, rubble and sand cluster with input seawater, after nutrient addition rubble, algae and sand form a new cluster as they exude humic-like fDOM. Coral produces proteinaceous exudates at all levels of nutrients but exhibits a clear trend with increasing nutrients. Component axes are annotated according to the proportion of covariation explained by each. Exudate concentrations were calculated by subtracting influent seawater concentrations and then log10 transformed before principle component eigenvalues were calculated.
